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Onset and Suppression of Plasma I n s t a b i l i t y  

i n  Crossed-Field Geometry 

by B .  De Sidney, R. V. Hess, and F. A l l a r i o  

INTRODUCTION 

A l a r g e  number of previous experiments performed i n  l i n e a r  Hall 

acce le ra to r s  (refs, 1-5) has  revealed t h e  ex is tence  of low frequency 

(1-100 kIiz), azimuthally r o t a t i n g ,  nonuniformities,  which are assoc ia ted  

with i n s t a b i l i t i e s  i n  t h e  plasma, Some of these  experiments have shown 

t h e  dependence of  t h e  frequency of  r o t a t i o n  on magnetic f i e l d ,  pressure,  

and a r c  cur ren t .  

magnetic f i e l d  has been reported i n  t h e  l i t e r a t u r e  f o r  t h i s  geometry. 

However, no onset  of t h e  i n s t a b i l i t y  a t  a c r i t i ca l  

In  most of t h e  ear l ier  experiments considerable  a t t e n t i o n  was given 

t o  the  magnetic f i e l d  uniformity i n  the  anode region of  t h e  device and 

over a major p a r t  of t h e  in t e re l ec t rode  d is tance .  

was located outs ide  t h e  uniform f i e l d  region. 

thought t o  o r i g i n a t e  i n  t h e  anode region. In  re ference  5 t h e  effect 

which t h e  r a d i a l  and a x i a l  components of magnetic f i e l d  i n  t h e  anode 

region had on t h e  i n s t a b i l i t y  was inves t iga ted .  

t h e  axial component of magnetic f i e l d  near  t h e  anode con t ro l l ed  t h e  

i n s t a b i l i t y .  

The cathode, however, 

The i n s t a b i l i t y  was 

I t  was then thought t h a t  

The p o s s i b i l i t y  of such an effect was supported by t h e  
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independent t h e o r e t i c a l  work of  re ference  6. However, t h e  requirement 

of independent r a d i a l  and axial  magnet ic-f ie ld  components i n  t h e  anode 

region produced i n  t h e  cathode region a h ighly  nonuniform f i e l d  which 

could not be cont ro l led .  In  an e f f o r t  t o  understand t h e  effect which 

t h e  magnetic f i e l d  near  t h e  cathode had on t h e  i n s t a b i l i t y ,  t h e  present  

geometry was set up, with uniformity of  t h e  r a d i a l  magnetic f i e l d  

extending over t h e  e n t i r e  anode t o  cathode region. 

f i e l d  i s  neg l ig ib ly  small. 

t h e  appl ied magnetic f i e l d  i n  t h e  cathode region, it was poss ib l e  t o  

eva lua te  t h e  effect on t h e  i n s t a b i l i t y  of t h e  magnetic f i e l d  produced 

by t h e  dc hea t ing  cur ren t  of  t h e  wire cathode. 

The a x i a l  magnetic 

In  addi t ion ,  because of t h e  uniformity of 

Such wire cathodes, 

u sua l ly  tungsten heated t o  thermionic emission temperature, were used 

i n  t h e  major i ty  of t h e  referenced experiments. 

produces an approximately l/r magnetic f i e l d  which, i n  t h e  region c lose  

t o  t h e  cathode, can be of t h e  order  of t h e  appl ied magnetic f i e l d ,  

a t  least  one experiment (ref.  2) t h e  cathode was wound so as t o  minimize 

t h e  per turba t ion ,  but  t h e  present  r e s u l t s  i n d i c a t e  t h a t  minimization may 

not  be s u f f i c i e n t  s ince  very small va lues  of  magnetic f i e l d  are found t o  

The dc heat ing cur ren t  

In  

cause i n s t a b i l i t y ,  p a r t i c u l a r l y  a t  low pressure  of t h e  order  of 1 m Torr.  

which was t h e  pressure  used i n  re ference  2 as well as i n  t h e  present  

experiment. 

In  t h e  present  geometry, an onset  of  t h e  i n s t a b i l i t y  f o r  a c r i t i ca l  

value of r a d i a l  magnetic f i e l d  has been observed. The cathode region i s  

shown t o  be t h e  area of  o r i g i n  of t h e  i n s t a b i l i t y ,  and t h e  i n s t a b i l i t y  can 
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be suppressed throughout t h e  region between t h e  e l ec t rodes  by con t ro l l i ng  

t h e  r a d i a l  magnetic f i e l d  near  t h e  cathode only. 

in t roduct ion  of  an a x i a l  component of  magnetic f i e l d ,  o f  t h e  same order  

as t h a t  of t h e  r a d i a l  component requi red  f o r  onset ,  had no effect  on t h e  

onset of  t h e  i n s t a b i l i t y .  

I t  was a l s o  found t h a t  

APPARATUS 

A schematic of t h e  l i n e a r  Hall acce le ra to r  i s  shown i n  f i g u r e  1, 

The anode is  a water-cooled copper r i n g  5.5 cm i .d .  and 7.5 cm 0.d. 

The cathode is a 1 mm diameter tungsten wire which is  shaped i n t o  an 

almost-closed c i rc le  of 7 cm diameter, which is i n  t h e  center  of an 

annulus of  5 cm i.d.  and 9 cm 0.d. The cathode-to-anode d i s t ance  i s  

12.5 cm. The working gas is  in j ec t ed  a t  t h e  anode so t h a t  t h e  flow is  

from anode t o  cathode. The cathode is  heated with e i t h e r  a dc cur ren t  

of 70 amperes o r  with a 60 Hz ac half-wave r e c t i f i e d  cur ren t  with a 

peak cur ren t  of 70 amperes, 

A nea r ly  uniform r a d i a l  magnetic f i e l d  extending from cathode t o  

anode is produced by a c e n t r a l  i ron  core  and an ex te rna l  c o i l  placed 

about 20 cm from t h e  cathode. 

f i e l d  was about 180 gauss. 

approximately as l/r away from t h e  i ron  core,  and t h e  values  given are 

those a t  t h e  mid-point of  t h e  annulus. 

a boron-ni t r ide i n s u l a t o r .  

The maximum value of t h e  r a d i a l  magnetic 

This ex te rna l ly  appl ied f i e l d  f e l l  o f f  

The i ron  core was covered by 
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Sta t iona ry  probes constructed of tungsten wire 0.2 mm diameter and 

1.5 mm long were i n s e r t e d  a t  var ious  a x i a l  and azimuthal pos i t i ons  through 

a g l a s s  tube containing t h e  discharge.  

one set of probes was loca ted  a t  z = 2.5, 5, 7.5, and 10 cm. A second 

set of probes was located a t  t h e  same a x i a l  pos i t i ons ,  but  displaced 90' 

from t h e  f i r s t  set. 

inward from t h e  outs ide  g l a s s  wall. 

If we l e t  t h e  anode be a t  z = 0, 

A l l  probes are d isp laced  by approximately 1 / 2  cm 

Probe s i g n a l s  were fed  i n t o  a Panoramic Spectrum Analyzer o r  a 

Tektronix type 555 dual-beam osc i l loscope ,  

f l o a t i n g  p o t e n t i a l  and t h e  ion s a t u r a t i o n  cur ren t .  

made i n  argon, xenon, helium, and n i t rogen  a t  pressures  ranging from one 

t o  200 m Torr. 

2.5 amperes, 

Measurements were made of t h e  

The measurements were 

The major i ty  o f  da t a  were taken with an arc cur ren t  of 

RESULTS AND DISCUSSION 

Use of a dc cathode hea t ing  cur ren t  of 70 amperes produces a magnetic 

f i e l d  around t h e  cathode wire which was ca l cu la t ed  t o  be about 300 gauss 

a t  t h e  surface of t h e  wire, f a l l i n g  o f f  t o  about 15 gauss 1 cm from t h e  

sur face  of t h e  wire. 

p s c i l l a t i o n s  were observed a t  a l l  probes,  

argon and arc cu r ren t  is  2.5 amperes unless  otherwise noted,)  Figure 2(a) 

shows t h e  frequency spectrum of t h i s  o s c i l l a t i o n  a t  a probe located 2 . 5  em 

from t h e  cathode. 

pos i t i on  (2.5 cm from t h e  cathode) and displaced 90' azimuthally is  shown 

i n  f i g u r e  2(b) and shows t h e  pe r tu rba t ion  t o  be r o t a t i n g  azimuthally with 

With zero ex te rna l  magnetic f i e l d  (defined as Br) 

(Pressure i s  10 m Torr  i n  

The phase s h i f t  between two probes a t  t h e  same axial 
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an m X: 1 mode. (Cathode p o s i t i v e  and cathode negat ive  refer t o  t h e  

r a d i a l  component of t h e  magnetic f i e l d  o f  t h e  cathode wire on t h e  upstream 

(anode) s i d e  of t h e  cathode, This  component is def ined as Brc. Pos i t i ve  

means r a d i a l l y  outward.) 

Reversal o f  t h e  cathode hea t ing  cur ren t  with consequent r eve r sa l  

of t h e  assoc ia ted  self-magnetic f i e l d  produced t h e  r e s u l t s  shown i n  

f igu res  2(c) and 2(d) .  The o s c i l l a t i o n  e x h i b i t s  t h e  same frequency, but  

t he  d i r e c t i o n  of  r o t a t i o n  has  reversed due t o  t h e  r eve r sa l  i n  t h e  magnetic 

f i e l d  of t h e  cathode wire. 

As mentioned above, t h e  frequency spec t r a  and phase-sh i f t  measurements 

shown i n  f igu re  2 were made using a probe located 2.5 cm from t h e  cathode. 

A probe located 2.5 cm from the  anode showed t h e  presence of  o s c i l l a t i o n s  

which had t h e  same frequency as those  at  the  cathode probe, but with 

m = 0. S imi l a r  measurements a t  higher  Br t o  be descr ibed later showed an 

m = 1 h e l i c a l  per turba t ion  a t  a l l  probes. T h i s  v a r i a t i o n  of mode at  

Br = 0 and Brc f i n i t e  is  s t i l l  under inves t iga t ion .  

If now a 60 Hz ac half-wave r e c t i f i e d  heat ing cur ren t  i s  used, it is  

poss ib le  t o  examine t h e  probe s i g n a l s  during t h a t  po r t ion  of t h e  cyc le  

when t h e  heat ing cur ren t  and i t s  assoc ia ted  magnetic f i e l d  are zero,  but  

t he  cathode i s  s t i l l  hot  enough t o  emit thermionical ly .  I t  i s  found t h a t  

f o r  zero ex te rna l  f i e l d ,  Br, t h e  plasma is  quiescent ,  and without 

o s c i l l a t i o n s .  As Br i s  increased from zero an onset  of coherent 

o s c i l l a t i o n s  i s  observed at  

i s  i n  t h e  d r i f t  o r  E x B d i r ec t ion .  

Br 2 z15 gauss. The d i r e c t i o n  of r o t a t i o n  
3 - t  
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Next, it w i l l  be shown t h a t  t h e  ex i s t ence  of a q u i e t  s ta te  depends 

only  on t h e  ex i s t ence  o f  a s u b c r i t i c a l  f i e l d  near  t h e  cathode and not  

throughout t h e  device.  

f i e l d  of  t h e  dc  cathode hea t ing  cu r ren t .  

Brc i s  p o s i t i v e .  The e x t e r n a l  r a d i a l  f i e l d  Br is appl ied  nega t ive ly  

This  i s  done by making use of  t h e  self-magnetic 

The cu r ren t  is  appl ied  such t h a t  

so t h a t  it s u b t r a c t s  from 

measurements are shown i n  f i g u r e  3. 

Brc. The r e s u l t i n g  s p e c t r a  and phase-shif t  

Figure 3(a)  shows t h e  spectrum a t  

Br = -10 gauss,  showing t h e  frequency t o  have decreased s l i g h t l y  from 

t h e  Br = 0 condi t ion.  A t  Br = -20 gauss,  t h e  pe r tu rba t ion  d isappears  

abrupt ly ,  t h e  discharge becoming q u i e t  throughout t h e  i n t e r e l e c t r o d e  

region,  as shown i n  f i g u r e  3 ( b ) .  (The s i g n a l  a t  zero frequency i s  a zero 

marker i n t e r n a l l y  generated by t h e  analyzer.)  The q u i e t  s tate shown i n  

f i g u r e  3(b) p e r s i s t s  as 

which va lue  t h e  coherent o s c i l l a t i o n  reappears ,  a s  shown i n  f i g u r e  3 ( c ) .  

Fur ther  v a r i a t i o n  of Br increases  t h e  frequency of  r o t a t i o n .  The 

Br i s  va r i ed  f u r t h e r  t o  about -40 gauss,  a t  

phase-sh i f t  measurements of  f i g u r e s  3(d)  and 3(e)  show t h a t  t h e  d i r e c t i o n  

of  r o t a t i o n  is  oppos i te  f o r  t h e s e  two condi t ions .  

If Br i s  appl ied  p o s i t i v e l y  such t h a t  it adds t o  BrC, no q u i e t  

s ta te  is observed, t h e  coherent  o s c i l l a t i o n  observed a t  Br = 0 inc reases  

i n  frequency as B r  i nc reases ,  

The conclusion t o  be drawn from t h e  observa t ions  is t h a t  t h e  onse t  of  

t h e  i n s t a b i l i t y ,  i t s  d i r e c t i o n  of r o t a t i o n ,  and i t s  frequency a r e  control lec  

by t h e  t o t a l  magnetic f i e l d  

cathode, 

as follows: For t h e  dc cathode measurements, with B,, p o s i t i v e ,  t h e  

B r  + Brc i n  a c r i t i c a l  region c l o s e  t o  t h e  

The approximate l o c a t i o n  and width of t h i s  region can be deduced 
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> plasma is q u i e t  i n  t h e  range -20 >, B r  - -40 gauss, with onse t  occurr ing 

f o r  t h e  two end values .  Since t h e  cr i t ical  f i e l d  requi red  f o r  onse t  i s  

symmetrical about a zero magnetic f i e l d  f o r  t h e  ac heated cathode 

measurements, i t  is  assumed t h a t  t h e  same is  t r u e  f o r  t h e  dc heated cathode. 

The zero poin t  i s  taken t o  be t h e  c e n t e r  of t h e  q u i e t  range, Br = -30 gauss ,  

So f o r  

t h e  c r i t i ca l  region a t  a d i s t ance  of about 0.5 cm from t h e  cathode. The 

width i n  gauss of  t h e  q u i e t  s ta te  p l aces  an upper l i m i t  on t h e  width o f  

t h e  c r i t i c a l  region of  0.35 cm. 

13, = -30 gauss, we must have Br + B,, = 0 loca t ing  t h e  c e n t e r  of 

The inf luence  which t h e  confining wal l s  have on t h e  onse t  of  t h e  

i n s t a b i l i t y  has a l s o  been examined. In  t h e  r e s u l t s  descr ibed above, t h e  

cathode was placed i n s i d e  t h e  g l a s s  tube,  about 4 cm from t h e  end of t h e  

tube. The confining su r faces ,  g l a s s  tube  on t h e  o u t s i d e  and boron-n i t r ide  

i n s u l a t o r  on t h e  in s ide ,  were each about 1 cm from t h e  cathode wire. I n  

an add i t iona l  experiment, t h e  cathode was placed about 4 cm downstream of 

t h e  end of  t h e  g l a s s  tube  so t h a t  t h e  only  confining su r face  was t h e  i n s i d e  

boron-n i t r ide  i n s u l a t o r .  

observed, one f o r  p o s i t i v e  Br and one f o r  nega t ive  Br (with Brc he ld  

t o  one d i r e c t i o n ) .  

cance l l a t ion  of  Brc on t h e  downstream s i d e  of t h e  cathode. The fact t h a t  

t h i s  second q u i e t  s ta te  disappears  when t h e  cathode is  confined by both 

t h e  boron-n i t r ide  i n s u l a t o r  and t h e  ou t s ide  g l a s s  tube  i n d i c a t e s  t h a t  t h e  

wal l s  may a c t  as a b u f f e r  t o  t h e  e l e c t r o n s  emit ted on t h e  downstream s i d e  

of t h e  cathode. 

For t h i s  conf igura t ion  a double q u i e t  state was 

The second q u i e t  s t a t e  was apparent ly  due t o  



The p res su re  dependence of  t h e  c r i t i c a l  f i e l d  requi red  f o r  onset  is 

shown i n  f i g u r e  4 f o r  d i f f e r e n t  gases .  These r e s u l t s  were obtained using 

t h e  ac heated cathode, The curves a r e  seen t o  be nonl inear  a t  t h e  lower 

pressures ,  bu t  a l l  are apparent ly  l i n e a r  a t  t h e  higher  pressures .  

Figure 5 shows t h e  frequency of r o t a t i o n  as a func t ion  of  magnetic 

f i e l d  f o r  t h r e e  p re s su res  i n  argon, 

(ref. 7) and have two d i s t ingu i sh ing  c h a r a c t e r i s t i c s :  (a )  lower frequency 

f o r  h igher  p re s su res  a t  a given B, and (b) t h e  droop i n  t h e  curves a t  

h igher  B f o r  t h e  lower pressures .  

S imi l a r  curves were obtained e a r l i e r  

The axial  dens i ty  d i s t r i b u t i o n  f o r  t h i s  geometry has  been shown by 

Chubb and Se ike l  ( r e f .  8) t o  have a peak a t  2 (where L i s  t h e  

i n t e r e l e c t r o d e  d is tance ,  and 

made with 

plasma p o t e n t i a l ,  

experiment i n  t h e  presence of  o s c i l l a t i o n s  show a similar d i s t r i b u t i o n ,  

but  with t h e  appearance of  a second d e n s i t y  peak i n  t h e  region c lose  t o  

t h e  cathode ( l e s s  than 1 cm from t h e  cathode).  The da ta  of  re ference  8 

i n d i c a t e  t h e  poss ib l e  ex i s t ence  of a similar peak near  t h e  cathode i n  

t h a t  experiment, 

L 3  
z = 0 i s  t h e  anode), t h e  measurements being 

Br = 200 gauss i n  t h e  presence of  l a r g e  o s c i l l a t i o n s  i n  t h e  

Prel iminary ion dens i ty  measurements i n  the  present  

- 

The dens i ty  d i s t r i b u t i o n  descr ibed above i s  found t o  e x i s t  only when 

o s c i l l a t i o n s  are p resen t ,  t h e  onset  being accompanied by a sharp change 

i n  t h e  d i s t r i b u t i o n .  I n  p a r t i c u l a r ,  f o r  t h e  q u i e t  s t a t e  t h e  d e n s i t y  i s  

found t o  inc rease  cons t an t ly  from anode t o  cathode up t o  a d i s t ance  less 

than 1 cm from t h e  cathode a f t e r  which it decreases .  
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The inc rease  i n  d e n s i t y  n e a r  t h e  cathode is important i n  t h a t  it 

al1ows a p o s s i b l e  i n t e r p r e t a t i o n  o f  t h e  experimental  r e s u l t s  on t h e  

b a s i s  of t h e  model f o r  i n s t a b i l i t i e s  i n  c ros sed - f i e ld  geometry proposed 

by Simon ( r e f .  9 ) .  A q u a n t i t a t i v e  comparison of  experimental  va lues  of  

c r i t i c a l  f i e l d  requi red  f o r  onset  ( f i g .  4) with t h e  theory i s  d i f f i c u l t  

i n  view of  t h e  d i f f e r e n c e  between t h e  experimental  and t h e o r e t i c a l  

geometries,  However, t h e  d e n s i t y  measurements show t h a t  t h e  necessary 

condi t ion f o r  onset  der ived by Simon, namely t h a t  

f u l f i l l e d  i n  t h e  c r i t i c a l  region near  t h e  cathode. 

e l e c t r i c  f i e l d  and L!!L is  t h e  a x i a l  dens i ty  grad ien t . )  Further ,  t h e  

dn 
EA dz ' O, is 
(EA is t h e  appl ied  

dz 
+ 3  

d i r e c t i o n  o f  r o t a t i o n  is always i n  t h e  E x B d i r e c t i o n  as it should be 

according t o  Simon's model, where, f o r  t h e  present  case,  

i n  t h e  c r i t i ca l  region near  t h e  cathode. 

€3 = Br + Brc 

SUPPLEMENTARY RESULTS ON ROTATING INSTABILITIES 

IN HIGH-POWER MPD ARC 

A low-frequency r o t a t i n g  i n s t a b i l i t y  (100 5 f I 250 klIz) exh ib i t i ng  

an abrupt  onset  a t  a c r i t i c a l  magnetic f i e l d  which depends upon arc 

cur ren t  has  a l s o  been de tec ted  i n  t h e  exhaust j e t  and i n  t h e  i n t e r e l e c t r o d e  

region o f  a r e l a t i v e l y  high-power MPD arc t h r u s t e r ,  using argon as t h e  

working gas,  w i t h  a mass flow of  14 mill igrams/sec.  

ranged from 10 t o  25 kw. 

The power of t h e  arc 
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These r e s u l t s  were obtained from measurements of  f l o a t i n g  p o t e n t i a l  

and ion  dens i ty  using Langmuir probes,  

measurements of t h e  s i g n a l s  were made. 

Axial and azimuthal phase-shif t  

Time-resolved l i g h t  i n t e n s i t y  

measurements were a l s o  obtained by t ak ing  streak photographs of  t h e  l i g h t  

emit ted i n  t h e  i n t e r e l e c t r o d e  region o f  t h e  arc. 

400, and 500 amperes, t h e  c r i t i ca l  magnetic f i e l d  f o r  onset  

For c u r r e n t s  of  300, 

Bc was 

approximately 800, 640, and 480 gauss, respec t ive ly .  Above onset ,  t h e  

i n s t a b i l i t y  r o t a t e d  i n  t h e  E" x d i r e c t i o n  and exhib i ted  two frequency 

peaks ( f l  S 100 kHz and f 2  2' 180 kHz),  Both frequency peaks increased 

almost l i n e a r l y  with increasing magnetic f i e l d ,  up t o  a magnetic f i e l d  

s t r eng th  of 5500 gauss. 

From these  prel iminary measurements, it is  indica ted  t h a t  t h e  

r o t a t i n g  i n s t a b i l i t y  exists both i n  t h e  exhaust j e t  and i n  t h e  i n t e r -  

e l ec t rode  region of t h e  MPD arc, and t h a t  onset  of t h e  i n s t a b i l i t y  

occurs throughout t h e  device.  I n  re ference lo ,  t h e  formation of a 

r o t a t i n g  cu r ren t  spoke f o r  an MPD arc i n  t h e  presence of a s t rong 

magnetic f i e l d  (say about 500 gauss) has  been r ecen t ly  mentioned by 

Malliaris. 
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Figure 2.- Frequency spectrum and d i r e c t i o n  of r o t a t i o n  of vol tage  o s c i l l a t i o n s .  
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